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Abstract. Potential routes to the formation of urea were investigated using electronic structure
methods. The most likely pathways involve either the reaction of the formamide and amine
radicals or involve protonated isocyanic acid as a starting point.
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1. Introduction
Urea, CO(NH2)2, is the simplest known dipeptide. It is viewed as a potentially im-
portant molecule in the abiotic origin of life, and was one of the identified products of
the Urey-Miller experiment in the 1950s (Miller and Urey(1959)). Subsequently, it was
proven to be crucial in the formation of cytosine and uracil (Robertson and Miller(1995)),
key to the RNA world hypothesis for the formation of life.(Alberts et al.(2002))
Two mechanisms for urea formation have been suggested by Förstel et al.(2015) start-
ing from formamide, detected along with urea in model ice experiments, as an interme-
diate. The first one is a concerted reaction between formamide and ammonia, leading
to urea and dihydrogen. The second one involves reaction of either a formamide radical
with ammonia or an amide radical with formamide. This work aims to test the feasibility
of these proposed mechanisms using electronic structure calculations. We also investigate
the reaction of formamide radical with the amide radical leading to urea and a hydro-
gen atom. Finally, we consider the reaction of protonated isocyanic acid with ammonia
forming protonated urea, which loses a proton to give urea.
2. Methodology
All calculations involving charged species were performed using the GAUSSIAN 09
suite of electronic structure programmes (Gaussian 2009) using DFT (CAMB3LYP//
6-311G**). Calculations involving radicals used RASSCF with the same basis using the
MOLPRO suite of ab initio programmes (Molpro 2015).
3. Results and Discussion
All the routes explored in this work are outlined in figure 1. It is clear from this
figure that the proposed routes in Förstel et al.(2015) are not viable at the temperatures
prevalent in the ISM. The concerted route is endothermic by 22 kJ mol−1, whereas the
single radical route has large barriers, which will be unsurmountable in the ISM.
Fig. 1 also shows the two other possible routes we investigated. In the reaction of a
formamide radical with an amide radical there is a small barrier of 4 kJ/mol, which
is associated with structural changes in the formamide radical. The reaction overall is
highly exothermic. The charged route, on the other hand, starts with the protonation of
isocyanic acid and leads barrierless to a stable molecule, protonated urea. Abstraction of
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Figure 1. The reaction profiles for the urea formation routes investigated in this work. The
energies in each route are plotted relative to the energy of the initial reactants.
the proton to get to urea is highly endothermic. However, in reality these reactions will
happen in icy mantles and therefore it makes sense to include a three water molecules as
an ice mimic in our calculations. In this case, there is only a small barrier to deprotonation
of 11.9 kJ mol−1 with an endothermicity of 4.1 kJ mol−1.
4. Conclusions
The calculations that were carried out to probe the feasibility of forming urea in
the ISM show that the mechanisms proposed by Förstel et al. are not viable at the
temperatures prevalent in the ISM. Instead, we propose two alternative mechanisms.
The first one of those involves the reaction of the formamide radical with the amino
radical. The second one starts with the formation of protonated isocyanic acid, which
has been detected, which will react with NH3 to form protonated urea. Deprotonation
of urea is then facilitated by the ice mantle to lead to urea itself.
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